Positron emission tomography (PET) radioligands for a reversible central nervous system (CNS) demand a high specific to nonspecific signal characterized by the binding potential (BP ND ). The quantification of BP ND requires the determination of the nondisplaceable binding usually derived from a reference region devoid of the target of interest. However, for many CNS targets, there is no valid reference region available. In such cases, the total volume of distribution (V T ) is often used as the outcome measure, which includes both the specific and nonspecific binding signals. Here we present a graphical method that allows for direct comparison of the binding potential of ligands using the regional V T data alone via linear regression. The method was first validated using literature data for five serotonin transporter ligands, for which a reference region exists, and then applied to two second generation 18 kDa translocator protein radioligands, namely [ 11 C]PBR28 and [ 18 F]PBR111. The analysis determined that [ 11 C]PBR28 had a higher BP ND than [ 18 F]PBR111.
INTRODUCTION
The discovery and development of positron emission tomography (PET) probes for imaging central nervous system targets is a complex process, which suffers from high attrition. Although metrics have been developed for radioligand selection based on careful screening of the physicochemical properties of candidate compounds 1 and more comprehensively, biomathematical modeling, 2 it is often the case that multiple candidate ligands with promising properties are tested in preclinical or clinical species, and thus it is important to systematically determine the optimal probe to take forward. Often, at such a stage, the compound providing the highest specific to nonspecific signal is chosen. Although this is not the only criterion for a better ligand, in the scenario where candidates show good blood-brain barrier (BBB) penetration and evidence for reversible kinetics, identifying the radioligand with the higher signal-to-noise is a good metric on which to optimize radioligand selection. For a reversible system, the specific to nonspecific ratio of a radioligand is characterized by the binding potential (BP ND ), which is the partition coefficient corresponding to the concentration of the ligand in the specifically bound to nondisplaceable (free plus nonspecifically bound) tissue compartments at equilibrium. BP ND can be derived from the total volume of distribution of the radioligand (V T ) if there is a reference region devoid of the specific target, which provides an estimate of the nondisplaceable volume of distribution (V ND ). 3, 4 If there is a blocking agent available, V ND can also be quantified using the original and extended Lassen plot irrespective of the existence of a reference region. 5, 6 When there is no valid reference region or blocking agents, the total V T is often used as an outcome measure to evaluate the in vivo signal, although a higher V T does not necessarily lead to a higher BP ND as V T is the sum of both the specific and nondisplaceable signal.
There are many central nervous system targets that are expressed ubiquitously in the brain, and thus for these it will not be possible to define a true reference. One such important target is the marker for neuroinflammation, the 18 kDa translocator protein (TSPO), which is expressed on the outer mitochondrial membrane and elevated in a variety of neuroinflammatory brain diseases. 7 [ 11 C](R)-PK11195 has been widely used as the PET probe for imaging TSPO over the past two decades, however, it suffers from high nonspecific binding (the free fraction in nondisplaceable tissue is only 2% 2 ) and low signal-to-noise. More recent radioligands proposed for this target, hereafter referred to as second generation radioligands, have been found to express different affinities between subjects within the population, which are determined by a single nucleotide polymorphism in the TSPO gene. [8] [9] [10] Such ligands include [ 11 C]PBR28 and [ 18 F]PBR111, which have been shown previously to be able to displace PK11195 in vitro in human brain tissue. 8 Although these ligands have preferable properties in vitro over [ 11 C](R)-PK11195, 11 the quantification and comparison of the binding potential of these ligands in vivo has been limited owing to the lack of a valid reference region. 12 Previously, a number of graphical methods based on linear regression have been developed for PET data to provide fast and robust quantification of the outcome measures, such as the Patlak plot to estimate the irreversible uptake constant K I , 13 the Logan plot to estimate V T , 14 the Lassen and occupancy plots to estimate occupancies and V ND . 5, 6 These graphical analysis methods have been used extensively in PET studies and are all easily implemented using standard linear regression techniques. More recently, Dickstein et al 15 has compared the in vivo affinity of two TSPO ligands by assessing their free fraction corrected V T values graphically.
As an optimal reversible tracer should not only have good affinity for the target, but more importantly a high signal-to-noise ratio, here, we aim to compare the binding potential of different radioligands irrespective of the existence of a true reference region. Inspired by these graphical methods, we derived the full linear equation which relates the regional V T estimates of two radioligands, assuming they bind to the same target. When presented graphically, the intercept of the linear regression allows for a direct comparison of their BP ND values.
In this paper, we first introduce the proposed graphical analysis approach followed by its validation with a PET data set consisting of five serotonin transporter (SERT) ligands for which cerebellum is considered as a suitable reference region. The existence of the reference region for the SERT data allows for a proper validation of the method when the true V ND and BP ND values can be calculated. The method is then applied to two second generation TSPO ligands [ 11 C]PBR28 16 and [ 18 F]PBR111, 17 for which a reference region is unavailable, to assess which one has the superior signal in humans. Finally, as graphical analyses can lead to noise-induced bias in parameter estimates when noise is present in both the x-and y-variables, 6, [18] [19] [20] we also investigated the impact of noise on the output of the approach.
MATERIALS AND METHODS Theory
The graphical method for comparing the BP ND of two radioligands can be derived from the equation for V T if there exists n(X2) regions with sufficiently different target densities. If two PET scans are performed in the same subject with ligand A and B, then the V T estimates of the ligands can be expressed as,
where V A T ,V B T ,B A max and B B max are the total volumes of distribution and target densities in the n regions, V A ND and V B ND are the homogeneous nondisplaceable volumes of distribution, K A D , K B D , f A ND , and f B ND are the equilibrium dissociation constants and the free fractions in tissue for ligands A and B, respectively.
If the ligands bind to the same target with B A max ¼ B B max , then equations (1) and (2) can be rearranged to yield,
Given
can be simplified to,
An assumption of passive diffusion of the ligands A and B across the BBB leads to the relationships
ND . 2, 21 By substituting these into the first term of equation (4), we derive an equation that directly relates V B T and V A T to the specific binding ratio,
When represented graphically ( In summary, by plotting V B T (on y-axis) against V A T (on x-axis) across n regions with differing levels of binding, (i) the linearity of the regression indicates the ligands bind to the same target, or targets with the same distribution within the regions examined; (ii) the gradient provides estimates of the in vivo affinity ratio given measurements of f p , and (iii) the y-intercept identifies which ligand has higher signal-to-noise in vivo (BP ND ), i.e.
In the scenario when the ligands pass the BBB via active transport, the relationship between the V T values of the two ligands can only be defined as in equation (4) rather than equation (5), however, the compound with a higher binding potential is still identified by equation (6).
Validation Based on SERT Data where a Reference Region Exists
To validate the graphical method, we applied it to a comprehensive PET primate data set involving five radioligands for SERT, namely
]DAPA, and [ 11 C]AFM. 22 In brief, two baboons were studied twice with each of the five ligands. For each scan, dynamic blood, metabolite, and tissue data were acquired for 91 minute and analyzed with a one-tissue compartment model to derive regional estimates of V T for midbrain, thalamus, hippocampus, striatum, temporal cortex, occipital cortex, and cerebellum. The BP ND values were then calculated from the V T estimates using cerebellum as a reference region because of the low-to-negligible levels of SERT in this region. The f p was measured using ultrafiltration and the affinities of the ligands represented by the inhibition constants (K i ) were measured in rat frontal cortex homogenates using [ 3 H]Paroxetine. 22 The graphical analysis (equation (5)) was applied to all the ligands to investigate if they bind to the same target, and to compare their in vivo affinities and BP ND values. These results were then evaluated with the previous analysis directly using cerebellum as a reference region.
Application to the TSPO Radioligands [ 11 C]PBR28 and [ 18 F]PBR111
The study was conducted at the Imanova Centre for Imaging Sciences, London and was approved by West London Research Ethics Committee and ARSAC (Administration of Radioactive Substances Advisory Committee). We followed International Conference on Harmonisation (ICH) guidelines. All subjects (seven healthy volunteers, 52±2 years, four female, three high-affinity binders (HABs) and four mixed-affinity binders (MABs)) gave written informed consent, and their eligibility was confirmed via full medical history, physical and neurologic examinations, routine blood tests, and electrocardiogram.
All subjects underwent a 90 minute PET scan with [ 11 C]PBR28 in the morning and a 120-minute scan with [ 18 F]PBR111 in the afternoon on the same day using a Siemens Biograph 6 PET-CT scanner (SIEMENS, Knoxville, TN). The ligands were injected intravenously and the injected activities were 340.16 ± 13.60 MBq for [ 11 C]PBR28 and 166.00 ± 5.14 MBq for [ 18 F]PBR111. The imaging procedures were detailed previously. 12 Briefly, PET data were reconstructed using filtered back projection with corrections for attenuation and scatter. Dynamic data were binned into 26 frames for [ 11 C]PBR28 and 29 frames for [ 18 F]PBR111 (durations: 8 Â 15 second, 3 Â 1 minute, 5 Â 2 minute, 5 Â 5 minute, 5 or 8 Â 10 minute). Arterial blood data were sampled via the radial artery to generate an arterial plasma input function. Blood samples taken at 5, 10, 20, 30, 50, 70, 90, and/or 120 minute were also analyzed using high-performance liquid chromatography to determine the fraction of parent radioactivity in arterial plasma, which were subsequently fitted to a sigmoid model. The resulting fitted parent fraction profile was multiplied by the total plasma curve and then smoothed postpeak using a triexponential fit to derive the parent plasma input function. The f P was measured through ultrafiltration with filters pretreated with 5% tween80 to reduce nonspecific binding to the filter membrane. 23 Image analysis and kinetic modeling were performed with an analysis pipeline developed in house. For both ligands, dynamic PET data were corrected for motion via frame-to-frame image registration and aligned with the individual's structural T1 MRI image with a mutual information cost function. An in-house neuroanatomic atlas 24 was nonlinearly deformed into the individual's space to derive regional time-activity curves in regions of moderate and high binding including brain stem, thalamus, hippocampus, global cortical regions, cerebellum, and representative lowbinding regions such as striatum. 25 A two-tissue compartment model utilizing the metabolite corrected plasma input function with fixed blood volume (5%) was used to estimate the V T for the regions of interest for Graphical method to compare radioligands Q Guo et al both ligands. The graphical approach (equation (5)) was then applied to the V T estimates of the two compounds to compare their specific to nonspecific binding and in vivo affinities.
Investigations on Linearity and Impact of Noise
The positive linear relationship between the V A T and V B T of radioligand A and B in equation (5) is derived on the basis of the assumption that they bind to the same target. To demonstrate the capability of the graphical method in detecting ligands that bind to different sites, we tested the method on V T values for [ 11 C]WAY100635, which targets the 5HT 1A receptors and [ 11 C]DASB, which targets the SERT. Based on BP ND data of the two ligands in the same subjects, 26 we generated their V T values using V ND reported elsewhere (V WAY ND ¼ 0:42 mL=cm 3 27 and V DASB ND ¼ 1:32 mL=cm 3 , 28 ) in 13 brain regions including raphe, striatum, globus pallidus, thalamus, hippocampus, insula, anterior cingulate, posterior cingulate, base side of frontal cortex, frontal convexity, temporal cortex, occipital cortex, and parietal cortex. The graphical method was then applied to compare the binding of the two ligands.
Standard linear regression assumes data on the x-axis is noiseless. However, in the graphical method presented there is noise in both x-and y-variables. The violation of this assumption may result in bias on the gradient and intercept estimates as has been shown previously. 6, [18] [19] [20] To evaluate the impact on the regression from noise, we swapped the x-and y-axis of the SERT data set (for 10 pairs of radioligands), re-estimated the slope and the intercept, and then compared these with the estimates from the original direct estimation.
RESULTS

SERT
The application of the graphical analysis to compare five SERT ligands is illustrated in Figure 1 . A linear relationship was observed between the V T across regions for all the ligand pairs providing evidence that they bind to the same target. As listed in Table 1 , all 10 regressions yielded a positive y-intercept, which according to equation (6) indicates that the ligand on the x-axis has a higher BP ND . Therefore, the rank order of the binding potential of the five ligands as determined from the regressions was [ 11 22 The in vivo K D ratio between six pairs of ligands was estimated with the graphical analysis using the f p data (f p was not measured for [ 11 C]McN5652 owing to high filter retention). These in vivo K D ratios agree with the ones derived based on the V T estimates with a reference region (r ¼ 0.9973, Po0.0001) and are generally consistent with the in vitro K i ratios (r ¼ 0.7582, P ¼ 0.0841, see Supplementary Figure 1 ). TSPO Images of [ 11 C]PBR28 and [ 18 F]PBR111 in one HAB (add images (%ID/L) over the 90 minute and 120 minute, respectively) are shown in Figure 2 . The distribution of the two ligands was similar across the brain, with highest uptake in brain stem and thalamus, followed by hippocampus, cerebellum, cortical regions, and lowest in striatum. For both ligands, radiometabolites appeared quickly after parent administration. At the end of the scan, the parent compound of [ 18 F]PBR111 accounted for B20% of the total concentration in plasma, compared with 5% for [ 11 C]PBR28. The measured free fraction in plasma for [ 11 C]PBR28 is one-third of [ 18 F]PBR111 (f 28 P ¼ 0:02 AE 0:01 and f 111 P ¼ 0:06 AE 0:02). A two-tissue compartment model described the kinetics well for both ligands (Figures 3A-D) . Within each subject, [ 18 F]PBR111 showed faster clearance than [ 11 C]PBR28 in all the regions examined, and this pattern was present across genetic groups as illustrated in Figures 3E-J. As shown in Table 2 , the V T values of When applying the graphical method to the V T data for each subject with [ 11 C]PBR28 on the x-axis and [ 18 F]PBR111 on the y-axis (Figure 4 ), a linear relationship was observed in all seven subjects with positive y-intercepts indicating that the two ligands bind to the same target for both HABs and MABs, and that [ 11 C]PBR28 has a higher BP ND than [ 18 F]PBR111 in both genetic groups. According to equation (5) , the in vivo K 111 D =K 28 D derived from the gradients was 8.4±6.8 for HABs and 6.6±4.7 for MABs. This in vivo affinity ratio was consistent with the K i values for these ligands measured in vitro using human brain homogenates tissue, where in vitro K 111 i =K 28 i is B4.6 in HABs and 3.7 in MABs. 8 Linearity and Impact of Noise The scatter plot and the regression applied to the V T data of [ 11 C]WAY100635 and [ 11 C]DASB are shown in Figure 5 . The data points in the scatter plot are primarily located within two clusters with one cluster including mainly the cortical regions which express 5HT 1A receptors in high densities and the other cluster containing regions such as raphe, striatum, globus pallidus, and thalamus, which are the SERT-rich regions. No positive linear relationship is observed between the V T values of these two ligands, which agrees with the hypothesis that a linear relationship with positive correlation should only be expected between two ligands that bind to the same target. After swapping the axes for the paired SERT data in Figure 1 , all the y-intercept values are now negative implying that the rank order of the BP ND of the ligands remains the same and is unaffected to a significant level by noise on the axes for this data set ( Supplementary Table 1 ). To evaluate the bias on the affinity ratio introduced by noise on the axes, we plotted the slope in Table 1 against the reciprocal of the slope after swapping the axes, and found good agreement between the two estimates and negligible bias in the estimated affinity ratio.
DISCUSSIONS
For a central nervous system target, a reversible radioligand with high signal-to-noise will provide good sensitivity in detecting small changes in the target signal. In this paper, we present a graphical method which enables direct comparison of the binding potential of two ligands, based on the relationship between their regional V T estimates. A positive linear relationship across a set of regions with differing target density indicates that the ligands bind to the same target or targets with the same distribution, under the assumption that the nonspecific binding is homogeneous for each ligand and the K D for each ligand is the same across regions. This relationship permits a simple linear regression, which enables easy comparison of the signal-to-noise (BP ND ) of the two ligands based on the sign of the axis intercept irrespective of whether a valid reference region exists. If the f p is measured and passive diffusion assumption is met, then the affinity ratio can also be derived from the slope. This method was validated using a SERT PET data set consisting of five radioligands. The rank of the BP ND values and the in vivo affinity ratios for these ligands determined by the graphical analysis were highly consistent with the ones generated when using the cerebellum as a reference region. We have investigated whether there is any significant noiseinduced bias in this graphical method using standard linear regression, by swapping the x-and y-axis and re-evaluating the slope and intercept. The analysis showed that with the SERT data set, there is negligible bias on either the slope or the intercept. However, if noise-induced bias was deemed to be problematic, then alternative estimation methods that take into account noise on both axes such as total least squares 29 and likelihood estimation 30 can easily be used. The method also identifies whether radioligands bind to different targets by evaluating the linearity of the V T relationship across regions, as shown with the [ 11 C]WAY100635 and [ 11 C]DASB data set where a positive linear correlation is not observed. Note that the performance of the graphical method also relies on a large dynamic range of the regional V T values of two ligands. This becomes particularly important when there is high noise on the V T measurements, in which case the confidence interval of the y-intercept might be too large to be useful for signal-to-noise comparison if the dynamic range of V T is small. Therefore this method might be of limited use for targets that have uniform distributions across regions.
In addition to a good specific to nonspecific signal, a successful in vivo imaging probe for a central nervous system target should possess high selectivity, good BBB penetration, suitable kinetics, and the ability to be radiolabelled and administered to humans at tracer levels. Although a higher BP ND is not the only criterion for selection of a better ligand, at the stage when multiple candidate compounds with good BBB penetration and evidence of reversible kinetics are tested for the first time in vivo, this is a good metric for optimizing radioligand selection, given that irreversible binding and potential flow limitation issues are not a concern.
Therefore, this graphical method is particularly useful when an optimal radioligand needs to be chosen among several promising candidates, especially for targets without a true reference region or a blocking agent to determine the nonspecific binding. The imaging of the TSPO is one area which suffers from these limitations. A number of radioligands have been introduced for this target and the selection of a ligand with the best signal has been hampered by the lack of a reference region for this target. For this reason, we applied the proposed graphical analysis approach to two second generation TSPO ligands [ 11 C]PBR28 and Figure 5 . Application of the graphical method to ligands with different target distributions: [ 11 C]WAY100635 (5HT 1A ) and [ 11 C]DASB (SERT). The lack of a positive linear relationship indicates that the targets for the two radioligands are different. SERT, serotonin transporter.
[ 18 F]PBR111, and showed that both ligands bind to TSPO as illustrated by the linearity of the regression and that [ 11 C]PBR28 has a higher signal-to-noise than [ 18 F]PBR111 in vivo in healthy humans. This approach can be easily applied to other second generation TSPO ligands to enable a straightforward comparison of in vivo signals and may help contribute to the community reaching a consensus on an optimal ligand for this target.
The graphical method provides a valuable and straightforward tool to assess whether ligands bind to the same target and to compare their specific signals particularly when no reference region is available. It has the potential to be used to help facilitate the selection of the optimal radioligand for a specific target.
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